Background {#Sec1}
==========

Schistosomiasis is one of the most prevalent parasitic infections in tropical and subtropical regions of the world and has significant economic and public health consequences in tropical and subtropical regions \[[@CR1], [@CR2]\]. In 2003, 112 million people in Sub Saharan Africa were estimated infected with *Schistosoma haematobium*, the parasite responsible for urogenital schistosomiasis \[[@CR3]\]. Freshwater gastropods of the genus Bulinus are the intermediate snail hosts of *S. haematobium* \[[@CR4]\]. Infection by *S. haematobium* occurs during routine agricultural, domestic, occupational and recreational water-related activities where human individuals are exposed to the snails carrying the parasites.

Previous malacological studies on temporary rain-ecosystems in West Africa \[[@CR5]--[@CR7]\] and in central Africa \[[@CR8]\] have shown the importance of ponds, representing the habitats of the snail, the intermediate host of *S. haematobium.* The parasite *S. haematobium* is the most widespread schistosome species in Senegal and occurs in all 13 regions of the country except Dakar. *Bulinus senegalensis, Bulinus globosus, Bulinus truncatus* and *Bulinus umbilicatus* are the species involved in the transmission of *S. haematobium* \[[@CR9], [@CR10]\], but their seasonal dynamics and the role of each species varies from one ecological area to the next. In the most part of the country, transmission sites consist of temporary ponds and their occurrence depends on rainfall. In the region of Tambacounda, malacological studies showed that *B. senegalensis* and *B. umbilicatus* are the most common species and these two snails can survive for 6 to 8 months when ponds are dry \[[@CR7]\]. In other localities of the regions of Fatick and Kaolack, represented the ecological zone of Sine-Saloum situated in the Soudan-Sahelian domain, only the presence of *B. senegalensis*, *Bulinus forskalii B. globosus* and *B. truncatus* have been reported \[[@CR11]\].

The Niakhar area is located in the Fatick region and is endemic for urogenital schistosomiasis with prevalence of 57.6 % \[[@CR12]\]. No information is available about the intermediate hosts of *S. haematobium* in this area and it was for this reason that we conducted this study. The aims of the study were i) to determine the freshwater species ii) to ascertain the role of the identified snail species in the transmission of *S. haematobium* and iii) to study the impact of drought on the snails.

Methods {#Sec2}
=======

Study area {#Sec3}
----------

The study was carried out in Niakhar (14°30 N, 16°30 W), a rural area located in the Fatick region (Sine-Saloum), in central Senegal, 135 km east of Dakar, the capital of Senegal, in West Africa (Fig. [1](#Fig1){ref-type="fig"}). Niakhar is situated in a Sahelian-Sudanese climatic domain, with temperatures ranging from 24 °C in December to 30 °C in June \[[@CR13]\]. This region's climate is characterized by two distinct seasons: a dry season that lasts 7 to 8 months (November to May-June), and a rainy season for a period of 4 to 5 months (June-July through October). The average annual rainfall decreased from 800 mm in the 1950s to 500 mm in the 1980s. Increasing precipitation has been observed since the mid-2000s, with an average annual rainfall of 600 mm between 2005 and 2010 \[[@CR14]\]. The area is a Health and Demographic Surveillance System of the Institute of Research for Development (IRD) in Senegal. Daily rainfall in the study area is recorded regularly for the institute by trained personnel. From 2011 to 2013, the average precipitation was 611.4 mm (Niakhar rainfall data). Many temporary ponds form during the rainy season from July to November-December and are dry from November-December to June (Fig. [2](#Fig2){ref-type="fig"}). These water bodies are used for laundry, bathing, swimming, fetching water and watering domestic animals. Nine villages: Godel, Diohin, Logdir, Ngalagne kop, Ngangarlam, Puday, Sob, Sass Njafaj and Tukar (Fig. [1](#Fig1){ref-type="fig"}) were selected for this study according to their prevalence of *S. haematobium* determined in our previous study \[[@CR12], [@CR15]\].Fig. 1Map of the study area of Niakhar showing snail sampling sitesFig. 2Pictures showing the water bodies of the Niakhar area: a filled pond from July to November (**a**) and a dry pond from December to June (**b**)

Study sample selection and snail sampling {#Sec4}
-----------------------------------------

A preliminary investigation in these villages was conducted to identify the different ponds where people were involved in domestic and recreational activities. The geographical positions of the sites surveyed were determined using a global positioning system (GPS). A total of 17 ponds distributed in these nine villages (Fig. [1](#Fig1){ref-type="fig"}) were selected taking into account frequency of visitation by the villagers and proximity to the households.

At each selected pond, snails were sampled from July to December 2012 and 2013, when the water was present in the ponds. They were collected using a scoop net during 15 min at monthly intervals in 2012 and at 15-day intervals for 30 min in 2013 in order to have more data for better understanding the role of the snails. Collected snails from each sampling site were placed in 50 mL plastic containers and transferred within 4 h to the laboratory.

Snail abundance, identification and determination of infestation rates {#Sec5}
----------------------------------------------------------------------

The sampled snails were rinsed with tap water, sorted and classified according to shell morphology using the field identification keys of Kristensen \[[@CR16]\]. Snail abundance was determined by calculating the total number of snails collected per hour and per person \[[@CR7]\]. For this, the number of snails collected in each sampling site during 15 and 30 min was multiplied by 4 and 2, respectively. Each snail was once tested by placing in glass tube with 10 mL of filtered water and exposing to direct sunlight or to electric light for 30 to 40 min to induce cercarial shedding. The schistosome cercariae issued by infested snails were then checked under a dissecting microscope and identified according to the criteria developed by Fransden & Christensen \[[@CR17]\]. The ratio of the snail number shedding *Schistosoma* spp cercariae and the total number of snails tested represent the infestation rate.

Snail resistance to drought {#Sec6}
---------------------------

Since the ponds of the Niakhar area are temporary, holding rainwater for five to six months and dry up for a period of six to seven months, some snails disappear with the water into the mud during this drying period and reappear in July, when the first rains are sufficient to re-colonize the biotope. The shell height of the snails collected in July was measured under a dissecting microscope using a millimeter paper in order to determine those that had aestivated withstood the drought. The snails were then classified into four groups according to their size: group 1 (3--4.9 mm), group 2 (5--6.9 mm), group 3 (7--9.9 mm) and group 4 (10--15 mm). Group 1 represented young snails and groups 2, 3 and 4 the adults.

Ethical approval {#Sec7}
----------------

The study was a part of a larger investigation of schistosomiasis epidemiology, transmission and control in Senegal and was approved by the Senegalese National Ethics Committee (reference n° SN11/57).

Results {#Sec8}
=======

Rainfall pattern in the Niakhar area {#Sec9}
------------------------------------

In 2012, the first rains occurred in July and lasted in November. The average annual rainfall was 570.3 mm. In 2013, the rains started in June and lasted in November with an average annual rainfall of 695.7 mm. During the study period in 2012 and 2013, rains were more abundant between August and September and maximum rainfall was recorded in August (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Abundance of snails in relation to rainfall in the Niakhar temporary ponds from 2012 to 2013

Freshwater snails in the study area, their infestation status and their dynamic {#Sec10}
-------------------------------------------------------------------------------

All the ponds surveyed in the nine villages during the two years of the study yielded snails during sampling. A total of 1090 and 8551 snails were collected in 2012 and 2013, respectively. Based on shell morphology, 1032 (94.7 %) and 58 (5.3 %) of the snails were identified in 2012 as *B. senegalensis* and *B. umbilicatus*, respectively. In 2013, 8261 (96.6 %) and 290 (3.4 %) *B. senegalensis* and *B. umbilicatus* were collected respectively. *B. senegalensis* is the most abundant and was always encountered in all the ponds of the nine villages, while *B. umbilicatus* was found in one pond located in the village of Ngangarlam.

The number of snails tested in 2012 and 2013 was 58 and 281 for *B. umbilicatus*, and 901 and 6432 for *B. senegalensis. B. umbilicatus* was found to be infested by *Schistosoma* spp. in the pond of the village of Ngangarlam in 2012 and 2013 with rates of infestation of 13.79 and 4.9 %, respectively. In 2012, no *B. senegalensis* infested by *Schistosoma* spp. was found. In 2013, infested *B. senegalensis* were collected from four ponds located in the villages of Sass Ndiafaj, Tukar, Puday and Logdir with rates of 0.61, 0.07, 0.05 and 1.11 %, respectively. The total rate of infested *B. senegalensis* was 0.12 % in 2013. Overall, regardless of species, infestation rates were 0.01 and 0.003 % in 2012 and 2013 respectively (Table [1](#Tab1){ref-type="table"}).Table 1Total number of snails collected and *Schistosoma* spp. infestation rates (%) in ponds in 2012 and 2013, in 9 villages of the Niakhar study areaVillages (pond)Snail species20122013TotalCol.Test.Inf. (rate)Col.Test.Inf. (rate)Col.Test.Inf. (rate)Sob (1)*B. s*4444051233005563740Sass Ndiafaj (1)*B. s*202008988195 (0.61 %)9188395 (0.60 %)Ngalagne kop (4)*B. s*1561560882714010388700Tukar (3)*B. s*1501500151213371 (0.07 %)166214871 (0.06 %)Puday (3)*B. s*1221110291219201 (0.05 %)303420311 (0.04 %)Logdir (2)*B. s*8080090901 (1.11 %)1701701 (0.60 %)Diohin (1)*B. s*1141100902689010167990Godel (1)*B. s*6464027827003423340Ngangarlam (1)*B. s*166166027526304414290*B. u*58588 (13.79 %)29028114 (4.98 %)34833922 (6.51 %Total*B. s*10329010826164328 (0.12 %)929373338 (0.11 %)*B. u*58588 (13.8 %)29028114 (4.98 %)34833922 (6.50 %)Total all species10909598 (0.01 %)8551671322 (0.003 %)9641767230 (0.39 %)*B. s: B. senegalensis* - *B. u: B. umbilicatus*, *Col* Collected, *Test* Tested, *Inf* Infested

When analyzing the snails dynamic, the results show that in 2012, there was one peak for both species situated in September and November for *B. senegalensis* and *B. umbilicatus* respectively; while in 2013 two peaks were observed for *B. senegalensis* in September and November, with still one peak for *B. umbilicatus* in November (Fig. [3](#Fig3){ref-type="fig"}).

Assessment of the impact of drought on Bulinus species and their infestation with Schistosome cercariae {#Sec11}
-------------------------------------------------------------------------------------------------------

In the two years, the snail populations studied in July consisted of specimens whose shell height was greater than 4.9 mm. In 2012, 69.4 % *B. senegalensis* and 55.2 % *B. umbilicatus* collected are in the size group 3. The same trends are obtained in 2013 with 60.8 % *B. senegalensis* and 66.7 % *B. umbilicatus* classified in group 3. Overall, for both species, size group 3 individuals were the most numerous, 63.6 and 62.6 % for *B. senegalensis* and *B. umbilicatus* respectively (Table [2](#Tab2){ref-type="table"}). All the snails collected in July 2012 and 2013 were tested for cercaria shedding. Only *B. umbilicatus* from the pond of the village of Ngangarlam was infested with *Schistosoma* spp. cercariae. The infestation rates were 13.8 and 11.1 % in 2012 and 2013 respectively (Table [3](#Tab3){ref-type="table"}).Table 2Estimation of the age of *B. senegalensis* and *B. umbilicatus* collected in July 2012 and July 2013 measured and grouped by shell size (mm)Shell size groups (mm)Group 1Group 2Group 3Group 4(3--4.9)(5--6.9)(7--9.9)(10--15)Snail speciesTotal snails collectedNo. Snails (%)No. Snails (%)No. Snails (%)No. Snails (%)Years*B. senegalensis*2030 (0)37 (18.2)141 (69.4)25 (12.3)2012*B. umbilicatus*580 (0)21 (36.2)32 (55.2)5 (8.6)*B. senegalensis*4210 (0)90 (21.4)256 (60.8)75 (17.8)2013*B. umbilicatus*1080 (0)27 (25)72 (66.7)9 (8.3)*B. senegalensis*6240 (0)127 (20.3)397 (63.6)100 (16.1)All years*B. umbilicatus*1660 (0)48 (30)104 (62.6)14 (8.4)Table 3*Schistosoma* spp. infestation rates of *B. senegalensis* and *B. umbilicatus* collected after 6 to 7 months of drought in July 2012 and 2013 in Niakhar temporary pondsSnail species20122013TotalCol.Test.Inf. (rate)Col.Test.Inf. (rate)Col.Test.Inf. (rate)*B. sengalensis*306306031831806246240*B. umbilicatus*58588 (13.79 %)10810812 (11.1 %)16616620 (12.04 %)

Discussion {#Sec12}
==========

This study is the first malacological survey conducted in the Niakhar study area. *B. umbilicatus* and *B. senegalensis* were the only snail species encountered in the 17 ponds sampled in this study. Previous malacological surveys done in the other localities of Fatick and Kaolack regions in the Sine-Saloum ecological zone reported the presence of *B. senegalensis*, *B. forskalii*, *B. globosus* and *B. truncatus* \[[@CR11]\]. The presence of *B. umbilicatus* is reported for the first time in the Niakhar study area situated in the ecological area of Sine-Saloum. The fact that this species was not reported by previous studies conducted in other localities of the Sine-Saloum zone \[[@CR11]\] could be due to its low geographical distribution. Indeed, in Niakhar, *B. umbilicatus* was only encountered in the village of Ngangarlam in one pond out of the 17 surveyed from 2012 to 2013.

In 2012, the rains were late and low quantities were recorded in the area compared to 2013. Thus the water in 2013 remained longer in the largest ponds at Sass njafaj, Puday and Diohin. This persistence of water in the ponds allowed the snails to undergo more breeding cycles before the ponds dried up. This could explain the differences in snail abundance observed at the end of the rains between 2012 and 2013. The fact that *B. umbilicatus* displayed a single peak at the end of the rainy season, contrary to *B. senegalensis*, suggests that this snail has a longer reproductive cycle. Indeed, the rapid draining of ponds in December prevents this species from reaching its second peak. *B. senegalensis* lay quickly when the pond fill in July-August, allowing them to reach the first peak in September whose progeny will give the second peak in November at the end of the rains. In general, maximum snail numbers were observed at the end of the rainy season. The fluctuations in snail abundance correlated to the drying up of ponds. The period and the number of population peaks varied between species and from one year to another. Similar observations were made in temporary ponds in the region of Tambacounda in Senegal. In these temporary habitats, the period of great egg-laying after re-emergence of the snails is situated in July-August and September where a great number of eggs are observed. These are times of great reproduction, especially from August to September and October. The population thus consists of snails of all ages \[[@CR7]\]. In these types of habitats, the ecological conditions are also hostile to the development of many snail species. The duration of the rainy season and the quantities of water, are important elements governing the abundance and density of *B. umbilicatus* and *B. senegalensis*. These snails adapt to their environment by establishing a short cycle, allowing them to achieve high population density and to fulfill their role as intermediate hosts for *S. haematobium* \[[@CR11]\].

In the current study, both species were found to be infested with schistosome cercariae. *B. senegalensis* was found to be infested by schistosome cercariae in four different ponds with rates varying from 0.05 % to 1.11 %. This snail is known to be involved in the transmission of *S. haematobium* in the middle valley around Podor and Matam \[[@CR18]\] and also in the transmission of S. *bovis* in the Senegambia \[[@CR19]\]. In Senegal, *B. senegalensis* is involved in the transmission of *S. haematobium* and not with *Schistosoma bovis* and *Schistosoma curassoni* \[[@CR9], [@CR20], [@CR21]\]. According to these previous studies and the fact that it is the only freshwater snail in the ponds of Niakhar where it was found to be infested by *Schistosoma* spp. cercariae, it is clear that *B. senegalensis* plays a role in the transmission of *S. haematobium* in Niakhar.

*B. umbilicatus* is involved in the transmission of *S. haematobium* and *S. curasonni* in Senegal, and is well-adapted to these temporary ponds \[[@CR7], [@CR22]\]. In Niakhar, in the village of Ngangarlam, *B. umbilicatus* was also found to be infested by *Schistosoma* spp*.* in one pond in 2012 and 2013 with high infestation rates. Cercaria species, however, were not differentiated. Nevertheless, a high prevalence of 65.5 % of urogenital schistosomiasis was reported for the people in this particular village of Ngangarlam close to the *B. umbilicatus* site and this pond is rarely frequented by livestock (Senghor, personal communication). In addition, in other localities in the region of Tambacounda with similar ecology, *B. umbilicatus* was the only snail infested with *Schistosoma* spp*.* in a pond system in villages endemic for urogenital schistosomiasis \[[@CR7]\]. Considering the epidemiology of urogenital schistosomiasis in this village, the fact that *S. bovis* and *S. curasonni* are not present in the Fatick region and that the water points are rarely or not frequented by livestock \[[@CR23]\], we suspect that the cercariae produced by *B. umbilicatus* are those of *S. haematobium*. However, this result requires the use of molecular biology techniques to better characterize the cercariae produced by *B. umbilicatus* in order to better define its role in the transmission of *S. haematobium*. The same suggestion is necessary for the snail intermediate hosts in general and particularly for the snails of the genus Bulinus that can shelter in addition to *S. haematobium*, animal schistosomes, such as *S. bovis, S. curassoni* and others \[[@CR17], [@CR24]\].

The current study also showed that *B. umbilicatus* and *B. senegalensis* can withstand 7 to 8 months of drought and that it is the larger adult specimens that are able to persist. Similar observations were reported in the laboratory and in the field by previous studies in Senegal \[[@CR7], [@CR25]\]. This phenomenon of drought resistance is well known among African snails, especially the genus *Bulinus* \[[@CR4], [@CR19]\]*,* but little information is available concerning the ability of these snails to maintain schistosome larvae during this period.

In the present study, for the first time, *B. umbilicatus* was found to be infested in July 2012 and 2013, after a dry period of 7 months and also, 21 and 25 days after the first rains respectively. The same finding was reported for *Bulinus nasutus* in Tanzania after five months of drought and also, 21 days after the first rains \[[@CR26]\]. This phenomenon is also of great importance in the epidemiology of urogenital schistosomiasis in the Niakhar study area and other seasonal transmission foci in Senegal because it can increase the risk and the period of transmission, positioned by previous studies between September and November \[[@CR7], [@CR11]\]. The fact that *B. umbilicatus* was found to be infested with *Schistosoma* spp. in Tambacounda \[[@CR7]\] and in Niakhar from July to November with a high prevalence proves that even though this snail is well-adapted to these rain-temporary ecosystems and despite its limited geographical distribution, it plays a significant role in the epidemiology of urogenital schistosomiasis in Senegalese areas with only temporary ponds. Thus, extensive studies of this Bulinus are necessary because it is able to withstand drought and to maintain *Schistosoma* spp. larvae from one season to another. In addition, *B. umbilicatus* is involved in the transmission of animal schistosomiasis in Senegal \[[@CR22]\].

Snail control strategies in these temporary habitats in Niakhar but also in other seasonal foci in Senegal, must take into account these phenomena. This study recommends an adaptation of snail control strategies to the cycles of ponds and snails. Two annual treatments of the pond with Bayluscide at the end of the rainy season in November before aestivation and upon onset of rains in July would be more beneficial. This would have the advantage to be focused in the puddles of residual waters or newly created waters and kill almost all snails. This would reduce snail density, but also decrease the risk of transmission by eliminating individual snails that have maintained the parasite during the drought.

Conclusions {#Sec13}
===========

This study has found that *B. senegalensis* and *B. umbilicatus* are the only snail intermediate hosts of urogenital schistosomiasis found in the Niakhar study area. The prevalence of urogenital schistosomiasis in Niakhar, the epidemiology and the frequentation of water points, permit us to say that *B. senegalensis* and *B. umbilicatus* play a role in the transmission of *S. haematobium* in the Niakhar area. The short cycle of transmission in these areas with temporary ponds could have an impact on the epidemiology of urogenital schistosomiasis but could also present an opportunity for snail control in Niakhar area, which is not the case in the Senegal River Valley where transmission is permanent.
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